INTRODUCTION
Ordered two-dimensional arrays have been observed frequently by electron microscopy (EM) in higher plant thylakoids and in photosystem II (PSII)-enriched membrane preparations [1] [2] [3] [4] [5] [6] [7] . Although the question of identity of the molecules composing these arrays was recently unambiguously resolved by the biochemical characterization of preparations containing 60 % twodimensional arrays [5] , there still remains the possibility that non-ordered PSII complexes could differ in terms of subunit stoichiometry or oligomeric state from the complexes found in two-dimensional arrays. PSII is a highly adaptable complex and changes its morphology in response to light wavelength and intensity by the reversible dissociation of light-harvesting chlorophyll a\b proteins (LHCPs), and therefore it is perhaps surprising that such a dynamic system should form ordered two-dimensional arrays at all, given the highly specific nature of the contacts required for the formation of a crystalline lattice. A possibility therefore arises that the particles in the two-dimensional arrays represent an unusual homogeneous subpopulation that could occasionally occur, while the non-ordered particles represent the more dynamic morphology of adaptable PSII complexes. In order to clarify this ambiguity, we have directly compared ordered PSII with adjacent non-ordered PSII in spinach thylakoid membranes. The former issue, i.e. the oligomeric state of native PSII, is contentious, with a conflicting body of data suggesting that a monomeric [4, 5, 8, 9] or oligomeric complex is the functionally active form [2, 6, [10] [11] [12] [13] . Because of the intrinsic heterodimeric nature of the reaction centre, some pseudosymmetrical structure is to be expected, and this therefore complicates this issue. In addition, much of the evidence in favour of oligomeric structures is based on studies of detergent-solubilized PSII [10, 11, 13] , and therefore the possibility of detergent-induced oligomerization must be taken into account. In this study, we bilization, PSII adopts various aggregation states which were analysed by electron microscopy in conjunction with singleparticle averaging. Two different types of projection of roughly rectangular shape and of dimensions 30 nmi17 nm manifesting themselves as tetrameric sandwich structures have been revealed. This conclusion is supported by the presence of at least two axes of 2-fold rotational symmetry running perpendicular to each other and intersecting at the centre of the oligomer. Comparisons of the structures of detergent-solubilized and native PSII show that the oligomerization of PSII can be artificially induced by the process of membrane solubilization.
have therefore examined PSII prior to, and following, detergentsolubilization, enabling us to directly compare size, shape and oligomeric state of PSII and to reconcile the data from different laboratories.
MATERIALS AND METHODS
PSII-enriched membranes were prepared as described previously [14] . Detergent-solubilized PSII complexes were prepared by incubating the PSII-enriched membranes at a chlorophyll concentration of 1 mg\ml in the standard buffer [20 mM Mes, 5 mM MgCl # , 15 mM NaCl, 20 % (v\v) glycerol, pH 6.3] with dodecyl maltoside at 2.5 % (w\v) for 5 min on ice. Insoluble material was pelleted by centrifugation for 1 min at 16 000 g and 4 mC. The dark green supernatant was removed and poly(ethylene glycol) 6000 was added to a final concentration of 4.4 % (w\v). After mixing and incubation for 3 min on ice, precipitated PSII was pelleted by centrifugation as above. After carefully removing the supernatant, the pellets were resuspended in standard buffer and again subjected to centrifugation as above. The resulting supernatant, containing solubilized PSII, was removed and used in subsequent experiments. Characterization of PSII preparations was performed by SDS\PAGE as described previously [8] . Detergent-solubilized PSII was further analysed by size-exclusion chromatography on a Bio-Rad HPLC system with a Bio-Silect 125 column. Samples equivalent to 100 µg of chlorophyll were loaded on to the column which was washed with the standard buffer containing 0.025 % (w\v) dodecyl maltoside at a flow rate of 0.5 ml\min. Molecular-mass markers were as follows : thyroglobulin (670 kDa), bovine γ-globulin (158 kDa), chicken ovalbumin (44 kDa), equine myoglobin (17 kDa), vitamin B "# (1.4 kDa).
EM of negatively stained PSII preparations was carried out as described previously [8] . Electron micrographs (calibrated magni-fications i50 500 and i20 520) were digitized using 25 µm increments, corresponding to pixel sizes of 0.50 nm and 1.22 nm, respectively, at the specimen level. Single-particle averaging was carried out using the SPIDER and WEB image processing software packages [15] . The particles were boxed off into 64 by 64 pixel images, padded to 128i128, and the densities normalized. The padded particles were rotationally aligned by an autocorrelation function-based method of alignment and then translationally aligned by cross-correlation methods. Resolution of the final averages was determined by plotting phase residual between two independent sets of averages against spatial frequency, and taking 45m as a conservative measure of resolution [16] .
Ordered two-dimensional arrays were analysed using the CRISP and TRIMERGE image-processing packages (Calidris Ltd., Stockholm) [17] . The overall average inter-image phase residual for the final Fourier projection map calculated in p1 was 25m, with 90m being random at a resolution of 3.0 nm. Figure 1 shows a negatively stained PSII-enriched membrane with non-ordered particles. The membrane is approx. 0.5 µm in diameter and contains several hundred particles. Membranes as such are representative for the specimen. It should be noted that membranes like the one shown correspond to a flat single thylakoid lipid bilayer rather than a tubular or vesicular structure as observed for other PSII preparations [6] . This is particularly apparent at the edge of the membrane where a smooth transition from membrane to support film occurs. The appearance of these edges is markedly different with vesicular or tubular membranes where the membrane folds over giving a high-contrast line. It is vital that the single-particle averaging is carried out on single membranes rather than two membranes on top of each other to avoid any artefactual data due to convolution of information
RESULTS

Figure 1 Electron micrograph of a negatively stained spinach PSIIenriched thylakoid membrane with densely packed stain-excluding particles
Arrowheads point to the contact regions between the non-ordered and ordered parts of the membrane. The two-dimensional ordered array is shown, with arrows indicating a line which bisects the two-dimensional array into two separate crystalline areas (Bar l 100 nm). arising from superposition of complexes residing in the two membranes. Attached to the non-ordered membrane in Figure 1 is a smaller region which contains an ordered two-dimensional array of particles. These two regions are joined at two positions which are about 50 nm across (arrows). Unit cell dimensions for this array were determined to be a l 17.3 nm, b l 18.6 nm, corresponding to our previous work [5] . The defects present in the two-dimensional array indicate that the array does not correspond to a single two-dimensional crystal, but can be partitioned into at least two separate crystalline areas which were treated separately for image-processing purposes. The overall shape and major features of the complex depicted in the Fourier projection map in Figure 2 agrees well with previous data [4, 5] . The locations of previously observed domains I to IV are highlighted in Figure 2 .
Single-particle averaging was carried out on non-ordered membrane regions. Visual inspection of a montage of the particles after alignment suggested that the procedure had worked well, except for those particles which either were poorly delineated, or exhibited low-contrast internal features (results not shown). In most cases it appeared that the central stain cavity and rectangular shape of the complex greatly aided in the correct alignment of the particle. Multivariate statistical analysis (correspondence analysis) of the principal components of inter-image variation supported the assumption that all particles dealt with in the analysis had an identical orientation and that the main variations between individual complexes were due to differences in stain distribution. Figure 3 shows the average of 250 particles. Closely spaced contours delineate the boundaries of the complex with approximate dimensions of 18 nmi14 nm. The central stain cavity, with a diameter of approx. 3.5 nm, is clearly revealed. Note that the complex appears to have a pseudo-mirror symmetry, with the mirror plane along the long axis of the molecule ; but no symmetry is observed perpendicular to this plane. The averaged image suggests that the stain distribution around the edge of the particle is not homogeneous, with a higher degree of stain accumulation along the shorter axis of the complex (arrows). The overall size and shape of the averaged complex shown in Figure 3 corresponds closely to that determined from the ordered two-dimensional array ( Figure 2 ) and with earlier data [5] . The Structure of photosystem II resolution of the image shown in Figure 3 was estimated by phase-residual comparisons [16] , using a cut-off phase residual of 45m. A resolution of 3.8 nm was determined, which appears to correlate well with the features observed in the average.
An electron micrograph of detergent-solubilized PSII complexes is depicted in Figure 4 . A wide range of particle shapes and sizes was discerned, suggesting some dissociation of the PSII components, but distinct populations of particles with characteristic features can be identified. Many large ( 30 nm) particles in a high-contrast side-on projection are observed with two layers stacked directly on top of each other (Figure 4 ; arrowheads). Occasionally, a single-layered version of this particle is observed in a side-on projection (arrows). Note that some of the side-on views exhibit a skewing of the two layers with respect to each other (boxed particles) while in most cases the two layers are directly in register. In addition, certain side-on views have a protuberance originating in the centre of the two-layered particle. Face-on projections (circled particles) are less defined and there is more variation to this projection, presumably because of the occurrence of skewed and non-skewed two-layered particles. Nevertheless, examination of the numbers of the three categories of particles in side-on projections (i.e. skewed double-layered, non-skewed double-layered and single-layered) suggests that the non-skewed double-layered particles may dominate. Figures Figure 6 Elution profile for size-exclusion chromatography and electron micrographs and absorption spectra of the obtained fractions 5(a) and 5(b) summarize the average data obtained for side-on and face-on views obtained for solubilized PSII sandwich structures. Examination of the side-on two-layered particle suggests a head-to-tail and face-to-face association with a length of about 30 nm and width of 16 nm. The face-on view assumes a roughly rectangular shape of dimensions 17 nm by 30 nm. A weak stain cavity is located more or less at the centre of the particle, surrounded by larger stain-excluding domains. Previous reports [11, 13] used 2-fold symmetrization of the face-on views of the complex. A view of the average in Figure 5 (b) after 2-fold symmetrization (Figure 5c ) reveals a shape closely corresponding to that reported by Boekema et al. [11, 13] .
Size-exclusion chromatography of the solubilized PSII preparation showed that the material could be separated into at least three fractions on the basis of size and shape (Figure 6a) .
Calibration of the column with similar loading volumes and protein amounts allowed a rough estimation of the sizes of the fractions, which corresponded to 550 kDa for A, 200 kDa for B, and 90 kDa for C. The heterogeneity in the size-exclusionchromatography experiments was expected from the data shown in Figure 4 which revealed a wide range of particle shapes and sizes in the PSII preparation after solubilization with detergent. The process of membrane solubilization therefore clearly causes a dissociation of some components of the complex from each other. The largest components (eluting in peak A and shoulder B) were found by EM to be composed primarily of the doublelayered structures (Figure 6b ). The absorption spectra and chlorophyll a\b ratio of this A\B fraction was consistent with its identification as the ' supercore ' complex [13] with a fraction of LHCP bound to the PSII core that was less than in the native membrane, but which still represented a significant component of the light-harvesting capacity of the complex (Figure 6d ). Polypeptide compositions of such fractions have been described by Hankamer [18] . The later eluting fractions, C, were found by EM to contain smaller particles that were similar in size (8 nm diameter) to LHCP trimers (Figure 6c , circles and insert) as well as a minority component with dimensions (19 nmi13 nm) comparable with a monomeric PSII complex. The absorption spectrum and chlorophyll a\b ratio of fraction C were consistent with a high enrichment in LHCP, considerably higher than the starting fraction (Figure 6d ). These results are in good agreement with the data presented by Boekema et al. [13] and Hankamer [18] .
DISCUSSION
Previous biochemical characterization of material that contained 60 % ordered two-dimensional arrays suggested that the particles within the arrays were indeed PSII [5] , but here we report for the first time the structural equivalence of single particles and particles occurring in two-dimensional arrays. It is debatable whether at the current resolution it would be possible to detect small morphological changes due to LHCP heterogeneity and we cannot rule out the possibility that non-ordered PSII complexes have a different LHCP complement present compared with the ordered structures. This issue, however, is subject to a different study currently under investigation in our laboratories.
There is still some debate over the oligomeric form of the complex, with evidence for both monomeric and dimeric structures. The data we present here tends to argue against a dimeric structure. Although we observe a weak 2-fold pseudosymmetry in the single-particle average of non-ordered PSII, this is a mirror symmetry and would be functionally irrelevant in this native membrane preparation. We assume that the complex in projection and negative stain will display some 2-fold symmetry, probably because of the homology of CP47 and CP43 proteins which are thought to be extensively exposed on the lumenal face [19] as well as because of possibly symmetry-related binding sites for the oxygen-evolution-enhancing proteins on the lumenal face.
It is possible to interpret the structure of detergent-solubilized PSII in the light of the three-dimensional structure of the membrane-located complex. First, for the side-on view, we see a high-contrast extended domain which forms the inter-particle contacts in the solubilized sandwich structure. The fact that PSII tends to be associated in grana stacks with tightly appressed surfaces on the stromal side of the membrane could suggest that the sandwich structure is formed by the association of two stromal surfaces in a way which mimics the in i o situation. However, such an association could be equally driven by salt or detergent ; and a similar behaviour has been observed with cyanobacterial PSI complexes after detergent solubilization [20] . In the three-dimensional structure of the native PSII a single complex is approx. 10 nm in thickness, and therefore the dimensions of this side-on sandwich structure (16 nm) are entirely consistent with the contention that two layers of PSII complexes are being observed. However, the side-on view is 30 nm in length, considerably larger than the dimensions (17 nm by 19 nm) of the native PSII complex. As judged from the area occupied by the averaged projection of the face-on view, the overall area of the sandwich particle is more than double that of the unit cell of native PSII and more than four times the estimated volume of Received 21 November 1995 ; accepted 11 December 1995 the native PSII. The obvious conclusion from these measurements is that the long double-layered sandwich structures that we observe are tetrameric aggregates of PSII, while both the short side-on double-layered, as well as the long side-on single-layered, projections (Figure 6b ) correspond to dimeric aggregates of PSII complexes. The face-on projections cannot be unambiguously assigned to either single-or double-layered structures, but because of their lower contrast, we predict that the majority are single-layered.
In conclusion, we have shown in this paper that the solubilization of the thylakoid membrane by detergent can cause complex-dissociation and -association processes that give rise to a range of different particles. Particles that are much larger than the native membrane-bound PSII complexes are clearly formed by an association or oligomerization of similar particles to form double-layered dimeric or tetrameric structures. Other particles which are significantly smaller than the native membrane-bound PSII appear to be the products of the detergent-induced dissociation of some PSII subunits during solubilization, notably trimeric LHCP molecules (8 nm diam.) and their complementary PSII core complexes (19 nmi13 nm). The native form of PSII therefore appears to be a monomeric particle of dimensions 19 nmi17 nm in the plane of the membrane as judged either from ordered two-dimensional arrays or from non-ordered PSII membranes. We argue that previous reports of oligomeric forms of PSII derive either from (i) oligomerization after detergent solubilization, or (ii) low-resolution imaging of the intrinsic 2-fold pseudo-symmetry of the complex leading to the false application of 2-or 4-fold symmetrization.
